Abstract: Amphitrophic proteins are soluble, globular proteins that may under certain conditions interact reversibly with a plasma membrane. How this apparent duality in the properties of a protein is achieved has been a relatively littlestudied subject until recently. In this review we aim to summarize the current knowledge regarding some important amphitrophic systems in which the interaction with the membrane does not require post-translational functional groups, but is an intrinsic property of the protein. We discuss mechanisms and driving forces involved in membrane binding in the context of two related concepts in protein folding and function that appear to have implications for understanding the association of proteins with membranes; first, the existence of some proteins with low-energy barrier heights for protein folding. Low folding barriers and the ability of proteins to form stable molten globule states are rationales that can explain how a protein can gain access to an ensemble (or continuum) of non-native conformations that are competent membrane binders. Second, the focus on order-disorder and disorder-order transitions to explain protein function, a concept which has been mainly developed within the novel protein trinity paradigm. Here, protein function can arise from any of three thermodynamic states: a solid, crystal-like state; a dense fluid state; and an extended disordered state. Together these concepts aid to understand amphitrophic mechanism and to unify interpretations of protein behaviour with respect to the degree of 8 (un)unfolding of the membrane-bound proteins.
INTRODUCTION
Membranes are highly selective molecular barriers with lateral sorting of its constituents and the biochemistry at this border between cell interior and exterior, or between the cytosol and organelle compartments, is highly complex and of special importance. While 30% of all proteins are constitutively membrane proteins that spend their functional lifetime permanently embedded in the membrane, some normally soluble proteins can reversibly and transiently interact with the lipid bilayer. Such proteins are called peripheral or amphitrophic, a term that emphasises their affinities for both aqueous and hydrophobic environments. Thus, they can reversibly interact with membranes independently of anchor proteins. The term amphitrophic was introduced by Paul Burn in 1988 who proposed that this (at the time) new class of proteins was important for cytoskeleton-membrane interaction and transmembrane signalling [1] . Since then, reversible or conditional membrane-protein interactions have been implicated in a wide range of phenomena, including enzyme regulation [2, 3] , cellular communication [4, 5] , virus- [6] and toxin [7] [8] [9] [10] mode of action, the apoptotic [11, 12] and antimicrobial mechanisms [13] of proteins and peptides, as well as intracellular transport, energy conversion in the cell, regulation of membrane fusion, and formation and cytotoxic activity of aggregated proteins [14] [15] [16] [17] .
*Address correspondence to this author at the Department of Biomedicine, University of Bergen, Jonas Lies vei 91, 5009 Bergen, Norway; Tel: +(47)55586427; Fax: +(47)55586360; E-mail: aurora.martinez@biomed.uib.no A number of specific mechanisms for amphitrophic protein behaviour have been described. These include i) protein motifs that bind to specific lipid headgroups, ii) fatty acid anchors attached to the protein through post-translational modification, iii) amphipatic helices that interact with the lipid membrane by both optimizing exposure of charged residues to the polar lipid headgroups and solvent, as well as intercalating hydrophobic side-chains into the lipid bilayer, and iv) extended lipid anchorage, where one of the two phospholipid acyl chains extends out of the bilayer to bind a hydrophobic groove in the protein. Often, these mechanisms also rely on phosphorylation/dephosphorylation to regulate the columbic contribution to protein association with or dissociation from negatively charged membranes, or to expose the binding motif for efficient binding. The mechanisms, the experimental evidence supporting their existence, and their role in cell signalling have been reviewed thoroughly by Johnson and Cornell (1999) [4] . The authors note that, while in many cases amphitrophicity is well understood and documented, other proteins that interact reversibly with membranes have no known mechanism to account for their behaviour. Hence, novel mechanisms may yet be found. This review will discuss protein amphitrophic behaviour that relies on the intrinsic ability of a polypeptide chain to reversibly intercalate into a lipid bilayer, and which does not solely depend on covalent post-translational modifications ( Fig. 1) . Cases where covalent modifications such as phosphorylation/dephosphorylation can influence the intrinsic amphitrophicity of a polypeptide chain are also included ( Fig. 1(e, k) ).
Although amphitrophic behaviour unrelated to covalent modification has been found in many biochemical systems, detailed knowledge on how initially soluble proteins can efficiently embed into biological membranes is still limited. This lack of knowledge stems in part from the difficulties associated with gaining high-resolution structural information of membrane-bound (MB) protein states. Very few membrane-protein complexes are amenable to crystallization and subsequent structural elucidation by X-ray diffraction, and the use of NMR techniques has been hampered by the complexity and non-globular shape of the membrane proteins [18] . Such problems have lately been alleviated by the development of bicelles as a membrane mimicking system [19] . However, structural characterization of many membrane-bound proteins is further hampered by the non-native, molten globule (MG)-like conformations often adopted by proteins upon binding to lipid bilayers [20] [21] [22] [23] [24] . Such states are inherently more difficult to characterize by NMR spectroscopy, as they lack the wide chemical shift distribution and well-resolved NOE cross-peaks that facilitate structural elucidation. Thus, detailed structural insight into membranebound amphitrophic proteins and transition states has been limited. In this review we aim to summarize the current knowledge regarding some of the most important amphitrophic model systems, and discuss mechanisms and driving forces involved in membrane binding.
To this end, we wish to introduce in our discussion two relatively new and related concepts in protein folding and function that appear to have implications for understanding the association of proteins with membranes. First, the existence of some proteins with low-energy barrier heights for protein folding. During folding these proteins cross a thermodynamic barrier low enough to produce significant deviations from two-state folding behaviour [25] [26] [27] . Second, the focus on thermodynamic transitions to explain protein function. This concept has been mainly developed by Keith Dunker et al., who put forward a new paradigm for protein function, known as "the protein trinity" (PT) [28] . The name reflects a central tenet of the paradigm, namely that protein function can arise from any of three thermodynamic statesa solid, crystal-like state; a dense, fluid state; and an extended disordered state.
MARGINAL FOLDING BARRIERS
The folding behaviour of many proteins can be interpreted in terms of a two-state folding model. At any given time, during folding or at equilibrium, the conformational states of the protein are either folded or unfolded. That is, intermediately folded conformations are never significantly populated. This implies that there is an energetic barrier between the folded and unfolded states that is high compared to the thermal energy, and that the protein folds in an all-ornone, highly cooperative manner. Not all proteins conform to the two-state folding model. Two lines of evidence suggest that this may be the case: i) the accumulation of folding intermediates, i.e. states populated during folding that are compact, lack tertiary interactions, but have secondary structure often reported to be native-like [29] [30] [31] , and ii) the possibility that the folding barrier between states might be low compared to the thermal energy, or even absent [32, 33] . The latter case has been associated with a downhill-folding scenario, where the protein folds to its native state without crossing a significant energetic barrier [25] . Energy barriers for protein folding processes are not expected to be high in the chemical sense, and downhill folding has been predicted by computer simulations [32, 34] and supported by experimental data [25, 26] , though conflicting reports that emphasize consistence with two-state, highly cooperative folding have been reported for the same protein under scrutiny [35] . Nevertheless, thermodynamic models derived from Landau theory have been used to identify both the presence and absence of barriers using calorimetric data [33] and, recently, a low folding thermodynamic barrier has been estimated for -Lactalbumin ( -La), a 123 amino-acid protein that is a paradigm in protein folding and one of the amphitrophic proteins considered in this review [27] .
THE PROTEIN TRINITY
Briefly, while the standard paradigm states that a unique 3D fold with stable tertiary structure is necessary for the function of a protein, there has lately emerged an alternate view that this is not always required [36] . This concept has been further developed by Dunker et al. as the PT [28] . It holds that also varying degrees of disorder in a protein native fold can give rise to function. For the original paper describing the PT and a shorter recent review see [28] and [37] , respectively. Dunker et al. summarize the concept with a triangle, where each corner is associated with function relying on one of the three thermodynamic states (Fig. 2  1 ) .
A non-exhaustive list of protein-function where disorder is involved include: i) the phage coat protein M13 that is thought to behave as a molten globule to facilitate interfacing with the target cell membrane [6] ; ii) -synuclein ( -Syn), which is sometimes described as a disordered protein in its native form; suggested functions include sequestering of protein to the membrane and regulation of synaptic membrane biogenesis [38, 39] ; iii) calsequestrin, which binds 40-50 moles of Ca 2+ per mole of protein in the sarcoplasmatic reticulum of muscle cells and the release of these cations out of the organelle stimulates muscle contraction [40] . Significant regions of the protein that are certainly involved in Ca 2+ -binding are reported as disordered [28] ; iv) the milk protein -casein, which apart from its nutritional role acts as a solubiliser of other milk components and is important for micelle formation and micellar size regulation in this biofluid [41, 42] . -casein has been termed a 'native' molten globule, emphasising its defined secondary structure and limited, fluctuating tertiary structure [43] . Thus, reports linking disorder to function have appeared based on a wide range of methods to investigate this conformational variability, such as infrared (IR), circular dichroism (CD) and fluorescence spectroscopies [21, 43] , atomic force microscopy [28] , protease digestion, hydrogen-deuterium (H-D) exchange [44] , NMR [45, 46] and mutagenesis studies [47] .
Fig. (1). Mechanisms for amphitrophic protein-membrane interactions.
Proteins are shown in their membrane bound (a-c and d-f) and water-soluble (g-i and j-l) states. The depicted mechanisms are, from left to right: Helical anchor; an amphipatic helix (highlighted in yellow circle) packs its aliphatic side against the hydrophobic protein core in the soluble (g) state and rotates it to present this side to the membrane in the bound (a) state. Extended lipid anchor; a hydrophobic binding pocket (white oval) in the soluble state (h) accommodates one of the acyl chains of a membrane lipid that extends out of the bilayer in the bound state (b) [15] . Stearoyl-arachidonoyl segregation; the binding seat of the soluble form with two negatively charged (red ovals) and two hydrophibic binding pockets (white ovals) (i) can bind two stearoyl moieties (depicted as slightly thinner acyl-chains in the figure) and two negative PS headgroups. Upon binding, stearoyl acylchains of two lipid molecules are segregated from their arachidonoyl counterparts and extend out to interact with the protein in the bound state (c). This mechanism was put forward to suggest how the stearoyl-arachidonoyl glycerol produced by phopshoplipases could give rise to the specific functions associated with this membrane lipid [159] . Lipid anchor; a hydrophobic (white oval) binding pocket in the soluble form (j) interacts specifically with a membrane lipid headgroup in the bound form (d). Phosphorylation; kinases and phosphatases regulate the degree of phosphorylation at a site that is, when unmodified, predominately positively charged (indicated in blue). The soluble state (k) is dephosphorylated by phophatase action to produce the membrane-binding competent form, which interacts with negatively charged lipid headgroups (e). Partial unfolding; a native, soluble and globular protein will tend to have its hydrophobic regions buried within its non-polar core (l). Environments which promote formation of MG states that will result in exposure of hydrophobic patches (depicted as a blurring and expansion of the protein) and increase in flexibility necessary for the protein to efficiently intercalate into the membrane (f).
The PT paradigm emphasises order-to-disorder and disorder-to-order transitions to account for protein function, in addition to the traditional lock-key models based on relatively rigid, well-defined structures. In the case of order-todisorder transitions, the entropic-driven gain in free energy can provide high affinity for interactions with a range of target conformations. Disorder-to-order transitions can let a natively disordered protein adopt a wide range of conforma-tions suitable for interaction with many targets. Upon interaction, the protein pays a free energy cost related to the disorder-to-order transition, which may contribute to low affinities for these reactions. Thus, the two scenarios can when properly tuned by evolution produce high affinity, low specificity interactions or low affinity, high specificity interactions. Notably, the ease with which such large, often global, changes take place would depend on the height of energy barriers separating the ordered and disordered states. Thus, the existence of low energy barriers and/or Fig. (2) . The protein trinity. The three thermodynamic states of proteins -structured, molten globule and disordered -can give rise to function. This concept was originally presented as The protein trinity (PT) by Dunker et al [28] . (a) The PT is displayed as a triangle where each corner is associated with proteins that under physiological conditions are in one of the three thermodynamic states. Examples of such proteins are given next to each corner of the trinity triangle. Protein function is then mediated by order-disorder and disorder-order transition, here depicted with blue and red arrows, respectively. (b) The PT as a tool for understanding protein-membrane interactions. There is much evidence that both structured and disordered proteins end up in a compact, molten-globule like state when interacting with the membrane. To emphasize this, the trinity scheme has been rotated so that the molten globule corner is displayed at the top. energy barriers that can be modulated by cellular and subcellular environments would reinforce the validity of the PT paradigm (see above).
AMPHITROPHIC PROTEIN CASE STUDIES
We have chosen to discuss in this review five proteins that exhibit amphitrophic behaviour independent of direct polypeptide chain modification. They have all been much studied for reasons different from their capacity to interact with membranes. Cytochrome c (Cyt c) is one of the best characterized protein components of the mitochondria [48] .
-Sarcin ( -Sar) and phosphocholin cytidylyl transferase (CT) have been examined for their functional roles as a ribotoxin and enzyme involved in phosphatidyl choline (PC) synthesis, respectively [49, 50] . The understanding of -Syn function both in health and neurodegenerative disease has lately been developing rapidly [51, 52] . Finally, -La has been much studied for its role as a substrate specifier for galactosyl transferase and a milk protein, but it also stands out as a model in protein folding investigations [47, 53] . For a summary of techniques referred to in the case studies to follow see Table 1 .
Cytochrome C
Cytochrome c (Cyt c) is a relatively small (12 kDa) peripheral membrane protein found in the intermembrane space of mitochondria, where it transfers electrons from the cytochrome bc 1 complex to cytochrome c oxidase. The protein is largely helical, is stabilized by the binding of a haem cofactor, and is strongly charged at neutral pH with approximately 8 positive unit charges [48, 54] . It has been proved that its function strongly depends on the nature of its interactions with membrane lipids [55, 56] . These interactions are pivotal to determine the conformation of Cyt c, its location within the bilayer and the orientation of the haem group. Interaction with the membrane has been involved not only in the conventional function of Cyt c as an electron carrier in the respiratory chain, but also in other important physiological and pathological processes. First, the release of Cyt c from mitochondria into the cytosol triggers apoptosis or programmed cell death [57] . Second, Cyt c shows a membrane-induced ability to form amyloid fibres similar to those found in different severe illness [58] . The importance of these physiological processes has been the subject of the interaction of Cyt c with lipid membranes of considerably scrutiny for more than three decades.
Numerous studies suggest that Cyt c binding to lipid bilayers involves several steps: i) formation of electrostatic inter-actions and hydrogen bonds between the amino acid side chains and the phospholipids headgroups [59] [60] [61] ; ii) conformational changes of the protein molecule associated with structural rearrangement of the host lipid bilayer [62] [63] [64] ; and iii) hydrophobic protein-lipid interaction coming from either the penetration of non-polar residues into the membrane hydrocarbon region [60, 65] , or the insertion of a lipid acyl chain into the hydrophobic cavity of the protein, also known as extended lipid anchorage ( Fig. 1(b,h) ) [66, 67] .
Penetration Depth of Membrane-Bound Cytochrome C
As for the characteristics of the membrane-protein complex, there have been disagreements regarding the degree of Cyt c penetration into the bilayer. Some authors suggest that there is partial penetration into the membrane [59, 68, 69] , while others postulate complete penetration that reflects the ability of Cyt c to induce non-bilayer structures in certain types of liposomes (specifically those containing cardiolipin (CL)) [70] . Partial penetration into the membrane is proposed to be accompanied by hydrophobic interactions [59, 69, 71, 72] , and a concrete proposal that the hydrophobic surface stretch of Cyt c (residues 81-85) inserts into the membrane has been put forward for the ferric protein to explain the disruption of Met-80 coordination to the haem iron [69] .
A number of studies support penetration into the aliphatic region of the membrane for at least some regions of the protein. Electron spin labelling studies on haem-free (apoCyt c) and haem-bound (holo-Cyt c) indicate that the apoprotein embeds deeply into the lipid membrane (near carbon 14 of the lipid acyl chains) when the bilayer is fluid and made of negatively charged phosphatidyl glycerol (PG), while the holo-protein with a C-terminal probe is located between carbon 5 of the lipid acyl chain and the lipid headgroups [73] . Using a more physiologically relevant lipid mixture containing just 15% PG headgroups, the apo-protein can reach a position near carbon 5 of the lipid acyl chain [73] . A deep membrane penetration of the protein Nterminus has been supported by protease studies, since proteases encapsulated inside liposomes are able to partially digest this region of liposome-bound Cyt c [74] . Furthermore, differential scanning calorimetry (DSC), Langmuir monolayer and 31 P-NMR studies found Cyt c to perturb the bilayer hydrophobic core [62, 74, 75] . Membrane fluidity is also important for efficient penetration of Cyt c into the bilayer, and the interaction with fluid lipid bilayers (dioleoyl PG/phosphatidyl choline (DOPG/PC) and bovine brain phosphatidyl serine (BBPS)) induce broader protein DSC transitions [64] , loss of deuterium labelling on backbone sites [76] , and higher perturbation of monolayers [74] . However, other studies report superficial membrane binding of the protein [77, 78] . This apparent contradiction can be explained considering the ability of Cyt c to bind lipid bilayers in at least two different forms depending on factors such as protein state, e.g. holo or apo, and/or fluidity and charge density of the host membrane.
The other mechanism that has been put forward to explain a shallow penetration of Cyt c into the hydrocarbon region of the bilayer is the extended lipid anchorage. Here one of the lipid acyl chains would extend out from the bilayer centre and accommodate into the non-polar cavity of the protein (see Fig. 1(b, h) ). Such changes in the structural state of the lipid molecules most likely require the partial penetration of Cyt c in the bilayer interior, up to the initial carbons of the acyl chain, as recently suggested [68] .
Structure of Membrane-Bound Cytochrome C
Cytochrome C is structurally well-characterized and has been widely used as a model system to elucidate the conformational rearrangement associated to membrane binding of water-soluble proteins [56, 64, 75, 79] . Although initially it was a matter of controversy whether a membrane-bound conformation of Cyt c was functionally relevant [80, 81] , it has been shown that under physiological conditions Cyt c exists in an equilibrium between soluble and membranebound conformations [82] . As compared with the soluble state, the membrane-bound species have a destabilised structure but retain variable degree of electron transfer activities depending on the way they bind to the inner mitochondrial membrane. This suggests that membrane-bound forms of Cyt c could regulate the electron transfer activity in vivo. Regarding the role of Cyt c in cell signalling, it has been reported that a membrane-bound form of Cyt c has apoptotic activity, suggesting that it might be the relevant factor in caspase activation [83] . Therefore, it has been a matter of interest to obtain structural and dynamic information on membraneassociated forms of Cyt c that will yield further knowledge on the mechanisms by which this protein carries out such diverse cellular functions.
A number of studies clearly evidenced that binding of Cyt c to negatively charged membranes induces an extensive disruption of the native compact tertiary structure or partial unfolding of the protein without affecting much its secondary structure [64, 84, 85] . Both the denaturation temperature [64, 84] and the resistance to urea denaturation [86] have been shown to substantially decrease upon membrane binding. Moreover, the highly perturbed tertiary conformation of the lipid-inserted protein state is also demonstrated by i) the enhanced Trp59 fluorescence, which indicates that the average distance between Trp59 and the haem is much larger than in the native state; ii) the lack of specific interactions involving Trp59, as seen by near-UV CD; and iii) a disturbed haem ligation and haem environment, as shown by Soret absorbance and CD [87] . Enhancement of H-D exchange has also been reported for Cyt c bound to phosphatidyl serine (PS) [88] or PG [84] bilayers, revealing an increased accessibility of the protein backbone amide groups to the solvent. The transition from tightly packed native structure to membrane-bound partially denatured state is a highly concerted global transition that exposes all amides of the protein core to the solvent [88] . Most of the evidences from membraneinduced Cyt c unfolding have been obtained using model membranes composed uniquely of anionic phospholipids, despite it has been clearly demonstrated that the degree of destabilization depends on several factors, such as chemical nature of the membrane lipids, electrostatic surface potential and lipid/protein molar ratio [56, 64, 82] .
Several conformations of the protein might be populated during the binding process, although structural data is scarce for most of them since only the soluble and the lipid-inserted states can be easily characterised under equilibrium conditions. The binding of Cyt c to the membrane surface is driven by electrostatic interactions between charged groups at the protein surface and the negative lipid headgroups in the membrane surface. Lipid-induced unfolding could then be facilitated by the local acidic environment of the membrane surface [89] . Thus, further electrostatic bonding between charged protein residues and lipid headgroups, which is generally exothermic, could provide the energy for the protein unfolding step. Once the protein has been partially unfolded, it becomes able to insert, at least partially, into the hydrophobic core of the lipid bilayer, and to establish hydrophobic interactions with this membrane region (see Fig. 1(f, l) ). Regarding the orientation of the protein with respect to the membrane surface, it was proposed as early as 1971 [54] that Cyt c contained specific lipid binding sites. This proposal, developed in a series of further works [66, 90, 91] , is based on crystallographic studies that revealed a segregation of acidic and basic groups residues and arrangement of non-polar amino acids into two hydrophobic channels connecting the haem crevice with the protein surface. The opening of each of these channels is surrounded by a cluster of basic residues, a fact that has led to propose that one of these positively charged clusters is involved in Cyt c binding to mitochondrial lipids, particularly to negatively charged CL ( Fig. 1(d,j) ). The two distinct acidic phospholipidic binding sites, named A-and C-site, are thought to account for the electrostatic interactions between Cyt c and deprotonated phospholipids and for the protein association with protonated phospholipids via hydrogen bonding, respectively [66, 90] . The existence of these puta-tive binding sites might provide specific protein-lipid contact areas that would stabilize a precise orientation of the mem-brane-bound protein, a proposal that awaits further experi-mental support.
-Sarcin
-Sarcin ( -Sar) is a 17 kDa ribotoxin (cytotoxic ribonuclease) produced by Aspergillus giganteus. Fungal ribotoxins exert their toxic action by first entering the cells and then cleaving a single phosphodiester bond of RNA in the ribosome. This cleavage leads to inhibition of protein biosynthesis, followed by apoptotic cellular death (for a recent review on fungal ribotoxins including -Sar see Lacadena et al. 2007 [50] ). The ribotoxin producing cells protect themselves against the toxic effects by adequate compartmentalization before secretion to the extracellular medium [50] . The 3D-structure and dynamic properties of -Sar have been studied by NMR [92, 93] . The protein folds into a five-stranded antiparallel -sheet and an -helix of almost three turns. The ribotoxins show a high degree of sequence similarity and a common 3D-structure, with some differences in the loops which in -Sar are longer and charged. These loops are associated with protein toxicity.
The cytotoxic activity of -Sar requires that the enzyme reaches the ribosomes of the target cell, and therefore it must at some point cross the cell membrane. The protein is highly charged and has an overall positive charge at neutral pH, which appears important for the interaction with both the substrate rRNA and the cellular membranes [50] . The protein has been under scrutiny for its specific anti-tumor activity, but no active pathway for its transport into the cell has been reported. It has been hypothesized that the protein crosses the cell membrane without the help of a receptor or endocytosis mechanism. -Sar specifically interacts with negatively charged phospholipid vesicles at neutral or slightly acidic pH (K d = 0.06 M), causing the aggregation of such vesicles, fusion to larger lipidic structures and alteration of the permeability of the membranes [50, 94] . Protein-lipid vesicle interaction was independent of the length or the degree of unsaturation of the phospholipid acyl chain. To test whether -Sar can translocate across the phospholipid membrane, Oñaderra et al. showed in a set of convincing experiments that -Sar placed in the bulk solution can target and process t-RNA contained within large unilamellar vesicles (LUVs). Moreover, this ability is lipid-specific; -Sar accesses the interior of vesicles made of asolectin but not of egg PC [95] . This translocation ability is retained if the protein is partially denaturated [96] , and indeed partial denaturation appears to promote binding to lipid bilayers [8] .
Structural Aspects of -Sarcin Membrane-Interaction
As revealed by CD, intrinsic fluorescence emission, and Fourier transform IR (FTIR), -Sar undergoes large conformational changes upon binding to negatively charged vesicles, notably resulting in an increase in the -helix content and shielding from polar quencher groups [97] . The results are consistent with intrachain hydrogen bonding and decreased static quenching indicating that both electrostatic and hydrophobic protein-lipid interactions are involved in the fusion of lipid vesicles promoted by -Sar and, potentially, in the passage of the protein across membrane cells [50] .
In order to obtain some information on structural motifs interacting with lipidic bilayers, synthetic peptides corresponding to different regions of -Sar were synthesised. A stretch of residues 116-139 within the main -sheet of the protein forms a structure that binds and perturbs negatively charged lipid bilayers [98] . A shorter fragment of only nine residues (131-139), which forms a helix in tri-fluoro ethanol and -sheets in the presence of SDS, also displays binding [99] . Binding is reported to perturb the membrane, as revealed by a weakening of the cooperative membrane transition obtained by DSC. Mutations affecting the -Sar active site residue Arg121 (R121K and R121Q) located in the major -sheet, result in impairment of the protein ability to interact with phospholipid membranes [100] . Accordingly, Masip et al. suggest that the membrane-binding capability of -Sar has been developed from the ancestral protein ability to recognize RNA poly-phosphates [100] . It is thus quite established that the main -largely apolar --sheet of the protein is involved in membrane binding and this region in fact penetrates the hydrophobic core of the bilayer [50] . Membrane binding also affects the region around Trp51. Although this residue does not appear to be necessary for the interaction, the fluorescence properties of a singletryptophan mutant (W4F--Sar) bound to lipid vesicles suggest burial of Trp51 in the membrane [101] .
Finally, other regions which have been proposed to be involved in membrane binding are the N-terminus and loop 2 [50] . The deletion mutant lacking the first 16 residues has a lower cytotoxic activity than the full-length protein, although it retains its specific tertiary structure as seen by near UV-CD. The N-terminal region mediates substrate specificity and its deletion also diminishes, but does not abolish, the ability of -Sar to interact with membranes [102] . On the other hand, the involvement in membrane-binding and translocation of the solvent exposed, highly mobile, rich in Gly and positively charged residues Loop 2 (Thr53 to Tyr93) [93] has not yet been documented experimentally.
CTP:Phosphocholine Cytidylyltransferase
CTP:phosphocholine cytidylyltransferase (CT; 42 kDa) is the rate-determining enzyme in the biosynthesis of PC, and together with phospholipase C contributes to the regulation of the phosphocholine content of biomembranes [103, 104] . CT can be shifted from a nuclear to a membrane location by modulating membrane composition -lipid or fatty-acid membrane components. Membranes deficient in choline headgroups promote binding and activation of CT [103] [104] [105] [106] . Diacylglycerol (DAG) has also been identified to be involved in this activation [107] , as well as protein phosphorylation/dephosphorylation, which are related to soluble-and membrane-associated CT, respectively [108, 109] . Moreover, negatively charged headgroups in membrane-mimicking systems (micelles, small unilamellar vesicles (SUV), multi lamellar vesicles (MLV)) are required for efficient binding and activation [106, 110] .
CTP:Phosphocholine Cytidylyltransferase Membrane Binding Motif and Mechanism of Membrane Association
CT is commonly considered as having three domains -a catalytic domain C, a membrane-binding domain M and a phosphorylation domain P, going from the N-to the Ctermini of the protein. Phosphorylation, which occurs on the serine-rich P-domain, keeps the protein in its soluble reservoir in the nucleus. Also, a synergistic action between DAG and anionic lipid species to promote protein binding and activation has been documented, and a mixture of these lipids in the membrane causes more binding than either alone [111] . The conformation of the M-domain in the full length protein appears, perhaps surprisingly given early predictions [112] , as non-helical. CD-analyses indicate a mixture of unordered, turn and -strand conformations [113] . Fulllength CT induced more efficiently vesicle-leakage than the M-domain alone [114] , suggesting an interplay between protein domains. Removal of the M-domain causes CT to produce CDP-choline in the absence of membranes known to bind and activate the enzyme [115] .
The early sequence analysis of rat CT revealed an aminoacid stretch predicted to form a continuous helix that was proposed to form the M-domain of the protein. The aminoacid stretch consisted of two regions of three 11-mer repeats, that showed strong amphipaticity when folded as -helix [116] . Subsequent synthesis of the peptide corresponding to one repeat section and experimental elucidation of its interaction with vesicles of different lipid composition indicated that while the peptide was largely unstructured in solution, binding to negatively charged membranes induced formation of -helical structure. Moreover, the fluorescence spectrum of its unique tryptophan was blue shifted in the presence of neutral lipid membranes as compared with that of the peptide in buffer. Aqueous fluorescence quenchers were not able to significantly reduce the fluorescence intensity in the presence of negatively charged membranes, while Br-labelled lipids -employed as membrane-soluble quenchers -did. It was concluded that the peptide bound parallel to the membrane surface, with the tryptophan buried in the bilayer and protected from the solvent. The use of brominated lipid with the quencher attached at various positions on the lipids indicated that the Trp residue was close to the fatty acid acyl chain positions 9,10 in the outer leaflet [112] . These conclusions were also consistent with results from limited proteolysis of the free and MB conformations of CT [117] . Moreover, the structures of two peptides derived from the helical M-domain (see above) in the presence of SDS-micelles have been determined by NMR, providing a high-resolution structure of this protein region [118] .
The ability of phosphorylation of the P-domain to suppress membrane binding can readily be explained by electrostatics -a negatively charged membrane will make the binding of the phosphorylated protein unfavourable ( Fig.  1(h,k) [4] . The structure of the membrane-binding motif has allowed proposing and testing a detailed mechanism of binding. In its helical form, the M-domain is strikingly amphipatic. When assuming an orientation roughly parallel to the membrane plane, the positively charged Lys and Arg residues will interact with the negatively charged membrane components [118] . However, there are also an approximately equal number of acidic, negatively charged residues that would contact the polar interface and aliphatic interior of the membrane. Protonation of at least some of these residues at the membrane interface would further stabilize the interaction. Johnson et al. showed in 2003 by mutation studies that acidic residues play a central role in the amphitrophic behaviour of CT [119] .
-Synuclein
-Synuclein ( -Syn; 14.5 kDa) is found only in vertebrates where it is abundantly and primarily expressed in the central nervous system [51] , notably in neural cells located in the presynaptic terminal as determined by immunoreactivity [120] . The full elucidation of its normal function has remained elusive, and several roles have been suggested that include brain plasticity, cytoskeleton reorganisation, regulation of the homeostasis of dopaminergic and serotonergic synapses, and regulation of membrane stability and turnover [51, 121] . Recently, the function of -Syn as an auxilliary chaperone for SNARE-complexes that are critical for the correct release of neurotransmitters to the synaptic cleft has been advanced [122] . This activity of -Syn would also be critical in protecting nerve terminals in vivo against injury [52] . More established than the normal function of the protein is its pathogenic association with Parkinson's disease, dementia with Lewy bodies and multisystem atrophy. Mutations in the -Syn gene and multiplications of the gene result in familial cases of these diseases which are characterized by formation of protein aggregates and insoluble fibrils (For reviews on the clinical aspects of -Syn see Moore et al. [121, 123, 124] ). Also, elevated levels of -Syn mRNA have been detected in brains of Parkinson's disease patients [125] .
-Syn is a highly charged and water-soluble protein, but has in vitro and in vivo affinity for lipid membranes, as seen by studies with synthetic lipid bilayers, membraneous cell fractions, synaptic vesicles and intact cells [126, 127] (for a recent review see Beyer et al. (2007) [128] ). The interest in -Syn as a lipid-associated protein has rapidly increased since 2000 and the present consensus belief is that the physiological function of the protein is related to a stabilization of the synaptic vesicle reserve pool [129] , while -Syn oligomers -rather than fibrils -are detrimental to membranes and cytotoxic [124] . However, the significance ofSyn-lipid interaction in health and disease is not completely understood, partly due to the fact that controversial results are found in the literature regarding the effect of bilayer association of -Syn both on the aggregation state of the protein and the integrity of the bilayers [128] .
Binding, structure and Membrane Penetration ofSynuclein
When water-soluble, the protein appears to be largely unstructured and unfolded, although it might contain some helical structure. As with the previous case-studies, negatively charged lipid species promote membrane binding [127, 130, 131] which is associated with a disordered-tohelical transition of -Syn as seen by CD and NMR [38, 39] . Micelle-bound -Syn forms curved -helices connected by a well ordered, extended linker in an unexpected anti-parallel arrangement [132] .
The overall charge of -Syn is negative at neutral pH, with a theoretical pI of about 4.7. The N-terminal part (residues 1-102) of the protein is dominated by a surplus of basic and hydrophobic residues (theoretical pI 9.5) which forms 11 repeats of a consensus sequence resembling the amphipatic helices that constitute the lipid-binding domains of serum apolipoproteins [133, 134] (see also Fig. 1(a,d) ). The remaining C-terminal part of the protein is characterized by a strong negative charge (theoretical pI 3.1). It appears that the N-terminal of -Syn is responsible for membrane binding, while the acidic C-terminal remains unfolded and does not directly interact with the membrane surface [38, 135] . Several biophysical and biochemical studies have aimed to investigate the characteristics of the lipids in the bilayers for optimal and specific binding -preferentially with charged phospholipid headgroups -and the structural features of the membrane-bound protein (as thoroughly reviewed by Beyer et al. (2007) [128] ). In the present review we will highlight two studies which have used electron spin resonance (ESR) to probe the -Syn-membrane system. The first study by Ramakrishnan et al. [136] focussed on -Syn perturbation of membrane lipid components which were spin-labelled in different positions. The study showed a mobility restriction and thermotropic behaviour of the membrane and its components consistent with a relatively superficial location ofSyn. The hydrophobic centre of the bilayer was not perturbed, and the gel to liquid-crystalline lipid phase transition was retained with slightly reduced cooperativity. A continuation of this study which also investigated aggregation-prone mutants and the C-terminally truncated -Syn(1-95) peptide further confirmed the orientation of the membrane bound protein [137] . Furthermore, it was established that the wildtype protein showed a higher interaction strength with negatively charged membranes than the disease-related mutants and the fibrillar forms of the protein [137] .
The second EPR study focussed on spin-labelling of protein residues. Jao et al. found that when intercalated in the membrane, the -Syn N-terminus adopts a continuous helical conformation, with each of the eight apolipoproteinlike 11-mer repeats corresponding to three -helix turns [138] . A straightforward geometric argument indicates that the helix centre is immersed 1-4 Å into the membrane and lysine residues arrange to maximize columbic interactions with the acid lipid headgroups, with the aliphatic part of their side chains interacting with the non-polar environment. Acidic residues are oriented out towards the solvent. This study also locates the -Syn helix in a relatively superficial position adapting to the curvature of the lipid vesicles [138] .
-Syn shows a preference for curved and small liposomes, SUVs, compared to LUVs or MLVs. The preference of the protein for certain lipids, notably with phospholipid headgroups, appears to be dependent on the curvature of the vesicles and on the method used to determine the interaction of the protein with the membrane; most studies show a preference of the full-length protein for stearoyl acyl-chains, small phospholipid headgroups and phosphoglycerol negative headgroups [128, 138] . The truncated -Syn lacking the negatively charged C-terminus interacts also with zwitterionic PC headgroups [137] . When -Syn is prebound to dimyristoyl phosphatidyl glycerol membranes, the headgroup selectivity of the protein for spin-labeled lipids at probe amounts is PC > phosphatidyl ethanolamine (PE) PG > phosphatidic acid (PA) PS [136] . This is atypical for basic proteins such as Cyt c when bound to membranes which show a greater preference for PS and PG than for PC or PE but has been found in other amphitrophic proteins with helices of amphipatic character (see discussion and references in [136] ). Thus, for -Syn the lipid headgroups showing a higher membrane affinity are those that according to the spin-labelling studies are less perturbed by the protein. This apparent discrepancy might be explained considering that some lipid species could be important for the initial, relatively long-range association, while others are responsible for stabilizing the interaction. For example, the high average charge of the PA headgroup promotes membrane binding [131] but induces low spin-label perturbation [136] . Conversely, -Syn highly perturbs PC in membranes [136] but it binds to PC vesicles only at very high concentrations [131] . Moreover, a functional significance of this lipid selectivity for initial and subsequent association with lipids might be that by binding at the interfacial region of the bilayerSyn increases the local concentration of certain phospholipids and contributes to maintain the vesicular pools at nerve terminals.
-Lactalbumin
As Cyt c, -lactalbumin ( -La) is a relatively small (14.2 kDa), water-soluble protein whose folding pathway has been extensively studied. It has four disulphide bonds and a calcium-binding site that can be manipulated and thus provide an opportunity to study partly (un)folded conformations. The calcium-ion strongly stabilizes the native state, but is not necessary for folding. -La is also considered a paradigm for the stable molten globule (MG) state [53] , which can be stabilized in several ways, including weak acidic conditions, disulphide bond reduction and calcium depletion at low salt and moderately high temperatures. Physiologically, -La modifies the substrate specificity of galactosyl-transferase, causing a 1000-fold decrease in the K m of the enzyme towards glucose [139] . This ensures an efficient production of lactose in milk where the protein is excreted only during lactation. For a concise and clear review of -La structure, function and folding behaviour, see Permyakov and Berliner, 2000 [140] . The protein is mainly helical, with a small -sheet domain, and with a pI 4.5. As far as the authors can establish, membrane interaction of -La was first reported by Hanssens et al. in the early eighties [141] [142] [143] . Binding to negatively charged membranes is enhanced at acidic pH [20, 144] . Although binding of the apo-form to zwitterionic membranes is possible under conditions promoting the MG state (i.e., low salt and low pH), the presence of negatively charged lipids strongly promotes the interaction. This binding can be reversed by reverting the pH of the bulk solution above 6.0 [20, 144] .
Structure of Membrane-Bound -Lactalbumin
Probing the structure of membrane-bound (MB) proteins has, as noted in the introduction, proven difficult for a number of reasons. To the authors' best knowledge, -La is the amphitrophic protein for which the most detailed structural information exists of its MB state. Residue-specific information of protection of backbone labile amide protons of the MB state was compared with the MG and native states by the authors of this review [11] . -La bound to egg-yolk PC:DOPG (1:1) SUVs was exchanged in D 2 O at low pH binding conditions and the pH-dependent protein-membrane interaction used to dissociate it from the membrane. The exchange behaviour of the MB state was thus amenable to study by 2D NMR spectroscopy [11] . Direct NMR measurements on -La in the MB state are made unfeasible by the slow tumbling of vesicle-protein complexes and the MG-like state of the bound protein [20] . Most of the 121 backbone amide probes exchanged completely within the timeresolution of the experiment, and significant protection was obtained for only 22 amino-acids. The behaviour of these residues was comparable to those of the MG state with some notable exceptions located in the A and C helices, as well as W104. These residues displayed a protection higher than the native state. Thus, it was concluded that while the overall conformation of MB -La is MG-like, the higher protection -compared to both the native and the MG-state -displayed by residues R10 and L12 in helix A and K94, K98, V99 in helix C was due to direct interaction of these secondary structure elements with the membrane. For a detailed discussion, see the original work [11] . The conclusions, and notably the involvement of amphipatic helices A and C in the interaction with membranes, were consistent with previous studies using lower-resolution techniques [144] [145] [146] . Also, membrane-and aqueous-specific fluorescence quenchers indicated that more than half the tryptophan fluorescence can be attributed to a membrane environment [22] . Finally, the overall conformation of the MB form has been reported as MG-like or being intermediate between native and MG in several works [20, 22, 144, 146] .
Mechanism of Membrane Interaction of -Lactalbumin
Based on the structural information available on the MB state of -La it has been possible to propose a detailed mechanism for protein-membrane interaction (summarized in Fig. 3) . Briefly, the initial driving force for membraneassociation is brought about by protonation of key acidic residues in helices A and C. In vitro, this is triggered by lowering the bulk pH to around 4.5 and 5.0 for calcium bound (holo)-and calcium free (apo)--La, respectively. The protonation will locally remove negative charges in one side of the protein, leaving this region strongly positively charged. In the pH range 4.5-5.0 -the precise value depending on apo/holo-status and protein species -the protein changes the sign of its net overall charge [140] . Thus, around the pH for the onset of a strong interaction, the protein is either slightly negatively charged or practically neutral. It follows that it is difficult to explain the interaction in terms of overall charge. However, a dipole still will have a favourable interaction energy with a negatively charge interface. Additionally, a dipole near a charged membrane will have a favoured orientation with respect to the membrane surface. Thus, after the initial protonation, the protein will be drawn towards the membrane due to relatively long-range columbic interactions. As the protein approaches a negatively charged membrane, the pH at the interface and dielectric constant experienced by the protein will cause more protonation steps to occur, further removing negative charge. Near the membrane, the tertiary structure of the protein is sufficiently weakened to allow for the optimal embedment of helices A and C into the membrane. At this point the interaction is stabilized by short-range hydrophobic effects mediated by apolar side chains of the two helices and possibly some of the tryptophan residues (i.e. W104, which also displays an enhanced exchange protection) [11] .
The key aspects of the proposed mechanism formulated in general terms, and which might be applicable to similar protein-membrane interactions, are i) orientation of the protein-dipole relative to the membrane surface, ii) protonation of key residues, favouring long-range columbic interactions, iii) attraction of protein dipole towards the membrane; the protein will experience non-bulk pH and dielectric constant, which in turn cause further protonation steps and (partial) unfolding of the protein tertiary structure, and iv) orientation of the protein secondary structure to optimise hydrophobic and electrostatic interactions with the membrane. It should be noted that a loose, flexible protein facilitates the last step (Fig. 3) . This flexibility requirement for -La to intercalate into the membrane has recently been associated to its surprisingly small thermodynamic folding barrier, which appears to arise from the stabilization of partially unfolded conformations by electrostatic interactions [27] . At the weakly denaturing conditions at the membrane, the energetic barrier will likely approach a near-downhill scenario, making it possible to tune the amount of tertiary structure of the protein in a continuous manner, e.g. by modulating the lipid composition of the membranes.
POLYPEPTIDE INTRINSIC AMPHIPATICITY
As mentioned in the introduction, there are several wellknown mechanisms whereby a protein can shift from a water soluble state to a membrane-associated state. The discussion below will aim to clarify how the unmodified polypeptide chain can conform both to an aqueous and a membrane environment, and what properties of the chain should be emphasised when rationalizing amphitrophic behaviour.
Role of Acidic Residues in Membrane Binding
As is clear from the cases reviewed above, the presence of anionic lipid species is a recurring feature of host membranes that promote efficient protein-membrane interaction. Hence, it has been natural to focus on protein positively Fig. (3) . Mechanism for -lactalbumin-membrane interaction.
-La is depicted with the side proposed to interact with membranes oriented towards the viewer, with the insets in (a) and (b) showing the opposite side of the protein. The solvent-accessible area of the protein is shown in red and blue indicating the negative and positive charge of exposed residues, respectively. The protonation events referred to are tentatively proposed to take place in the indicated pH ranges. Initial situation (a): Prior to interaction, this side of the protein is a mixture of negative and positive charges. Induction of dipole (b): Closer to the membrane the protein experiences non-bulk pH and dielectric constants. Upon protonation of the indicated key residues the charge is predominantly positive on this side. This allows for a consolidation of the protein orientation due to a net attractive electrostatic interaction between Lys and Arg residues with the membrane, as well as an overall favourable interaction of the induced dipole within the electric field of the membrane. Tertiary structure destabilization (c): Further protonation of acidic residues near or involved in Ca 2+ -binding (K79 carboxyl on backbone, D82, D84 carboxyl on backbone, D87 and D88 [140] ) will destabilize Ca 2+ -binding and, at moderately low pHs, destabilize the protein tertiary structure. Also, the the lipid headgroups may act as counterions to destabilize salt-bridges within the protein [64] , further promoting unfolding. Consolidation of the interaction (c -inset): At this point the protein will be close and flexible enough to consolidate binding with short-range hydrophobic interactions, e.g. by rotating helixes A and C to present their hydrophobic sides to the membrane. charged regions as responsible for at least part of the driving force behind the amphitrophic behaviour. Among the membrane-binding proteins discussed above, -Syn, -La and CT are negatively charged at neutral pH. In many cases, strong binding is reported at bulk pHs where the overall charge of the protein or the membrane binding motif under scrutiny is negative [12, 112, 127] . Some of these interactions have large ionic components [110, 131, 142] , and therefore require an explanation as to how the negative membrane and the negative protein or peptide can interact in an unfavourable columbic environment. There are three possibilities to solve this apparent paradox: i) Proteins are often dipoles, and as such can have a favourable energy of interaction with a negatively charged interface, even if the overall charge is unfavourable. This is especially true if the bulk of the protein can keep the negatively charged patches oriented away and at an adequate distance from the interface. Also, positioning of protein positive charges between the membrane interface and the negative protein patch will effectively decrease the electric field experienced by this part of the protein.
ii) The pH near negatively charged membranes is lower than the bulk pH [15, 147] . This would cause the pH experienced by a protein molecule approaching the interface to be significantly lower than that of the solution, inducing protonation of acidic residues and loss of negative charge. iii) Structural changes in the protein as it interacts with the membrane can alter the pK a of acidic headgroups [148] . A transition from a highly structured native state to a looser, MG-like state will cause very low (or high) pK a -values of acidic residues to approach random-coil values (e.g. ~ 4.0 and ~ 4.5 for Asp and Glu, respectively).
Experimental support for the notion that acidic residues of membrane-binding motifs become protonated upon interaction with acidic membranes has been published, e.g. [149] . Two very similar hypotheses for the role of these residues in membrane interaction have been put forward. The first, described for -La emphasises the successive protonation of key acidic residues as the driving force behind both the approach of the protein towards the membrane and its gradual unfolding [11, 20] . The second, put forward by Johnson et al. for CT, points out that the protein specificity for anionic membranes as well as the fine-tuning of the MB helix amphipaticity can be understood considering the positioning of Asp and Glu in the amphipatic membrane binding helix [119] . Both hypotheses focus on the removal of negative charge on the polypeptide as a pivotal factor for the interaction. Also, it is emphasized that the lower-than-bulk pH near the membrane [147] enhances protonation of the acidic residues. Thus, both the CT and BLA affinities towards negatively charged membranes are rationalized.
Order-Disorder and Disorder-Order Transitions in Membrane Binding
The membrane interaction of Cyt c, -Sar and -La causes a loosening of the overall protein structure. These effects are reported by a range of different techniques, including IR, CD, NMR, DSC and H-D exchange for holoCyt c [64, 84, 86] , -Sar [8, 97] , and -La [11, 12, 20, 144, 146, 150] . Conversely, membrane binding of apo-Cyt c [86, 151] and -Syn [38, 130, 135] -two proteins that are largely unstructured in solution -induces secondary structure. Such large, global structural changes appear to link to the PT paradigm, briefly introduced in Paragraph 3. One of the possible interpretations of the order-to-disorder transitions seen in protein-membrane interactions is that the transition gives the protein a higher affinity towards the amorphous, dynamic and highly variable lipid membrane. This is not to say that the protein does not display degrees of specificity towards various features of the membrane lipid components, such as headgroup size, charge, membrane curvature and membrane fluidity, but that a highly dynamic protein conformation will help to expose the structural regions responsible for membrane anchoring. This response represents a continuum rather than sharp either-or situations.
In the case of the disorder-to-order transitions, the bulk conformations of intrinsically disordered proteins -e.g.
-Syn -are expanded and near random-coil, and their 'ordered' and probably more compact MB conformations still can be significantly disordered. There is also a disorder-toorder transition on a non-global scale found in the cases reviewed above. The helical membrane-binding motif of CT was, perhaps surprisingly, found to be a mixture of different conformations, including coils, in solution [114] , and membrane binding induced formation of a more ordered helix [3, 118] .
Intermediate Folding States
The study of intermediate protein folding states was motivated -at least initially -by the need to explain how proteins folded to attain their 3D structures [152] . The MG state is the most common intermediate state referred to in the literature. The MG is a compact state with a hydrodynamic radius approximately 10-20% larger than the native protein, with fluctuating tertiary structure, native-like secondary structure and hydrophobic patches exposed to the solvent [31] . The latter quality is measured by binding to 1-anilinonaphthalene-8-sulphonate (ANS), which interacts with such patches and its fluorescence is red shifted when associated [153] . In addition to its role as a transiently populated folding intermediate, the MG has been credited with independent functions. Within the PT paradigm, the MG is one of the three thermodynamic protein states (Fig. 2) that can have biological function [28] . In the context of proteinmembrane interactions, Bychkova et al. in 1988 proposed that the MG state was involved in the translocation of proteins across membranes [154] . In support of this hypothesis, a study shortly after concluded that the relatively unfolded apo-Cyt c conformer is the entity that readily translocates across a negatively charged membrane [74] . As should be apparent for Cyt c, -Sar and -La, partial unfolding is often reported to take place upon protein-membrane interaction and there is also much evidence that the MG state or MGlike states are involved in the association (see above).
It should not be surprising that intermediate folding states such as the MG state would be involved in membrane binding. Such states will be i) flexible, since its tertiary structure is largely absent, and ii) more hydrophobic than its native counterpart. These attributes will facilitate rearrangement (i.e. rotation of helixes, spreading along membrane interface, further exposure of hydrophobic residues) and an overall affinity for a lipid environment, respectively. The variable folding barrier scenario could also be brought about to interpret protein affinity for a membrane interface. A protein with a barrier sufficiently low will have intermediately folded conformations significantly populated even under physiological conditions [33] . These conformations may have an enhanced affinity for the membrane, compared to the native conformational ensembles. These marginally accessible states are flexible, as the MG states, and would be able to interact efficiently with the interface and hydrophobic core of the membrane. In the proximity of a membrane or other non-bulk situation, these states are stabilized. It is possible to envision a scenario where, in the presence of a membrane, a protein looses much of its folding cooperativity in this way.
Comparisons with the genetic and structural homologue hen egg-white lysozyme indicates that the marginal barrier of BLA is a product of natural selection [27] . Nevertheless, a protein prone to form a stable MG is likely to interact with membranes under conditions stabilizing its MG, even if there has been no selective pressure for this membrane-binding capacity in its evolutionary past. Thus, membrane affinity could be a by-product of the folding requirements of a protein. On the other hand, it is conceivable that if there has been such a selective pressure for membrane binding, this may actually have been the reason why the protein has developed a very stable MG state. This would be analogous to the macroscopic evolutionary scenarios, where evolution builds on existing tendencies that initially have nothing to do with the functionality that may eventually arise [154] .
MODULATION OF INTRINSIC AMPHITRO-PHICITY
Considering protein folding barrier heights, propensity to form intermediate folding states like the MG, disorder-order transitions, and the charge status of key residues provide useful tools for understanding amphitrophicity. In some cases there may be an interplay between these phenomena and more 'obvious' mediators of amphitrophicity. For instance, protein phosphorylation will add negative charge and provide repulsion towards a negatively charged membrane, but the phosphate group may also consolidate electrostatic interactions within the protein thus stabilising a tight fold, see e.g. Ishida et al. (2000) [155] . On the other hand, phosphorylation might also destabilize protein folds and thus favors formation of loose folds that could be competent for membrane binding [156] . Finally, phosphorylation might affect the pK a -values of membrane-interacting acidic residues in the same manner as the mutation of charged residues affect the pK a -values of other residues in a protein [46] .
Effect of Cofactors
The native fold of many proteins is significantly stabilized by the presence of a cofactor; examples include the haem-group of Cyt c and myoglobin, and the Ca 2+ -ion of -La. We note that both Cyt c and -La bind more easily to membranes in their apo states. This is doubly noteworthy for -La, since removal of the Ca 2+ will make the protein overall more negative at constant pH. There may be several ways of interpreting this within the frameworks discussed above. For instance, the removal of the haem group or Ca 2+ stabilizes the MG state of Cyt c and -La, respectively, under low salt conditions [157, 158] . Alternatively, the cofactors may increase the height of the folding barriers separating the native, intermediate or unfolded conformation, as observed for the effect of Ca 2+ on the folding barrier of -La [27] . A barrier height reduction would facilitate order-disorder transitions within the framework of the PT. In a sense, the presence of a cofactor would stabilize the protein into the crystal corner of the PT (Figs. 2 and 4) , where classical structural considerations would dominate the interpretation of its function. Interaction of proteins which firmly stand in this corner of the functional triangle with membranes would be understood in terms of specific interactions between binding sites on the protein and one or more lipid moieties. Thus, this case would represent the 'lock-key' concept applied to proteinmembrane interaction. The extended lipid anchor, where the lipid acyl-chain fits into a well-defined hydrophobic groove in the presumably fully structured protein, represents one such possible mechanism ( [67] ; and see below). Another example is how sn-1-stearoyl-2-arachidonoylglycerol is hypothesized to bind PS-requiring membrane-binding proteins [159] (Fig. 1(c) ). Both these schemes require relatively rigid protein domains.
Membrane Fluidity or Extended Lipid Anchorage?
Consider, on the other hand, the fluid corner of the PT. A protein in the MG state would transiently expose hydrophobic patches that could penetrate into the membrane. A membrane in its liquid disordered phase could accommodate such an intercalation more easily than a membrane in its liquid ordered phase. We here comment upon the role of the phospholipid acyl-chains in -La binding to membranes, comparing two alternatives: i) the extended lipid anchor and ii) their function in modulating fluidity and packing of the membrane hydrophobic core. While there is evidence for the extended lipid anchorage as one of the Cyt c-membrane binding mechanisms [67] , it is also noted in this context that Cyt c may form a MG that readily embeds into a membrane [160] , and thus, that partial penetration of the protein into the membrane might explain how the phospholipid acyl chain and the protein interact (see paragraph 4.1. above). It has been proposed that HAMLET (human lactalbumin made lethal to tumor cells) which is a partially denaturated conformer of human -La that is stabilized by oleic acid binding [161] might also interact with membranes through the extended lipid anchor mechanism. Even though HAMLET has little tertiary structure and behaves in many regards like a MG [162, 163] , still displays specificity towards oleic acid binding [164] . The existence of subtle differences between HAMLET and the -La MG is indicated by proteolysis and exchange experiments [44] , as well as by their in vivo selective apoptotic activity -a quality that native -La lacks [165] [166] [167] . Because HAMLET has the ability to interact with oleic acid cofactor, it is tempting to rely on extended lipid anchorage -where oleate extends out of the membrane and binds the protein -when explaining both the binding and specificity of action. When interacting with Langmuir monolayers, apo--La shows an approximately equal effect on films containing SOPS or DOPG equimolarly mixed with egg yolk PC; the effect on the corresponding DSPS mixture is markedly lower [12] . Fluorescence and vesicle leakage studies give responses to apo-BLA binding which are maximal with 1:1 mixtures of negatively charged (PS or PG):eggyolk PC [12] . However, the temperature-dependence of both the fluorescence of the bound protein and the effect of the protein on the T m of the lipid bilayer indicate that membrane fluidity plays a significant role in the ability of the protein to bind efficiently [168] . The major component of egg-yolk PC is 1-palmitoyl, 2-oleoylphosphatidylcholine [12] , a potential source of oleic acyl chain eligible for extended lipid anchorage. However, increasing amounts of egg yolk PC in the lipid mixture actually decreases protein binding [12] . Furthermore, -La interacts readily with negatively charged citrate-coated gold surfaces, indicating that acyl-chains are not strictly required for binding [169] . This result emphasises that protein affinity for membranes and interfaces are in general related processes (see paragraph 6.4. below). It would appear that the variable response of -La to different membrane compositions cannot be rationalized in terms of specific acyl-chains, although it remains possible that extended lipid anchorage may contribute to hydrophobic consolidation of the -La-membrane interaction.
Degree of Unfolding of the MB State
The conformation of the MB state of La has been reported as native [150, 170] , compact [142] , between native and MG [22] and MG-like [11, 20] , while that of Cyt c as destabilized [85] , partial unfolded [171] and highly dynamic [86] . Clearly, the variety of reported MB folds for these proteins merits an explanation. The diversity can most readily be explained by the amount of charged lipids used in the studies. For both proteins an increase in the negative charge density of the membrane induces a progressive destabilization of their MB conformations [171, 172] . Thus, differences among MB conformations depend, among other factors, on the surface charge density that promotes partial unfolding of the protein, so that it acquires the flexibility required to conform to a membrane interface. Alternatively, this may be interpreted as an attenuation of the folding barrier of a protein in the non-bulk environment near a membrane, with low pH and low dielectric constant. If the folding barrier is sufficiently weakened, the protein conformational ensemble will have a significant population of conformations that have a high affinity for the membrane.
It is here instructive to consider the work of Chenal et al. [170] . These authors investigate the conformational state of -La bound to SUVs and LUVs made of 9:1 egg PC:PA and find that at pH 4.5 the protein bound to SUVs still contains tertiary structure, leading to the conclusion that the SUVbound state of -La might not be a MG. Only when the pH was reduced to 3.4 and in the presence of LUVs did Chenal et al. find a MG conformation for membrane-bound -La [170] . It can be argued, however, that some tertiary structure would persist at pH 4.5 when the vesicles employed contain only 10% negatively charge (PA). The fact that -La adopts a state intermediate between the native and MG state when bound to PC membranes has already been reported [22] . Thus, and as outlined in paragraph 4.5.2. -the low negative charge density of the 9:1 PC:PA bilayer will not be sufficient to completely destabilize the native fold at pH 4.5, and stronger interaction with formation of MG would only occur at lower pH. Chenal et al. further argue that the higher curvature of the SUV vesicles might account for their inability to induce the MG conformation. Notwithstanding the importance that vesicle curvature might impart on the properties of the bound protein in other protein systems and/or conditions [173, 174] , it is important to clarify that detailed studies using SUV and LUV of DOPG:PC highlight the MG-like properties of -La bound to either SUV [11] or LUV [20] at pH 4.5, as well as for SDS-micelle bound -La [175] . The fact that the H-D exchange analysis performed by Chenal et al. on -La bound to LUVs made of 9:1 PC:PA at pH 3.4 essentially resulted in the same residue-specific exchange data found using SUV made of 1:1 DOPG:PC at pH 4.5 [11, 170] , further supports this interpretation. As mentioned in paragraph 4.5.2, the low folding barrier of -La makes it possible for the protein to approach a near-downhill folding scenario, where the degree of tertiary structure can be continuously modulated [25] . Thus, the overall protein conformation is roughly a MG-like state in both studies, with residues located in helices A and C displaying higher protection due to their involvement in membrane binding.
Interfaces and Membranes -Common Ground
One of the implications of the mechanisms involved in protein-membrane interaction discussed in this review is that the intrinsic amphitrophicity of a polypeptide chain is determined by factors that do not rely on standard structurefunction interpretations. Indeed, it is interesting to ask how different protein-membrane interactions and protein adsorption to various interfaces are. Almost all proteins will when tested display some degree of affinity for interfaces. This stems from the protein ability to unfold and spread at the interface, to orient in a favourable manner, and to take thermodynamic advantage of non-bulk conditions at the interface such as pH and hydration-layers [176, 177] . It is thus a challenge for biochemists not to over-interpret the biological significance of protein-membrane interaction. Conversely, such a property could serve as an excellent start to study evolution of protein characteristics such as functional amphitrophicity, stable MG states, mechanisms for protein exo-and endocytosis and incorporation of newly expressed membrane proteins into the cellular membrane. Furthermore, a tendency to interact with surfaces could be adapted by evolution to provide the low specificity, high affinity seen in proteins that interact with many partners [28] . [ 11, 191] Solid state NMR PISEMA-wheels provide highly detailed information about the orientation of a peptide relative to the membrane.
Arguably the most powerful method for a detailed characterisation of the state of the membrane, and to which degree this is perturbed by the interacting protein.
Extraction of information from solid state NMR techniques relies on a combination of magic angle spinning, sample labelling and orientation used with the appropriate pulse-techniques. [159, 192] Electron spin resonance Usually employed to comment upon the distance of an unpaired electron on the protein and an unpaired electron in the membrane.
Relies on labelling of either protein, membrane lipid, or both. [59, 77, 136] Infrared spectroscopy (IR)
Shifts of assignable signals indicate the type of secondary structure which is perturbed upon membrane binding. H-D exchange provides information on the overall exposure of the membranebound state to the solvent. Orientation of secondary structure elements relative to the membrane plane can be estimated with attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR).
Phase transitions of the lipid component of the complex can be monitored following vibrations of both the lipid polar headgroups and acyl chains Signal overlap and processing requires deconvolution methods. The study of specific residues requires isotopic labelling of the sample. [20, 84, 137, 193] Leakage NMI
Indicates the extent to which the protein will penetrate and destabilize the bilayer, allowing encapsulated vesicle contents to leak out. Introducing quenchers and fluorophores to protein and membrane lipids, respectively (or vice versa), gives information about relative orientation and closeness. Also, since the spectroscopic properties of the labels can be chosen, the signals may be specific, clear and with little interference from other fluorophores.
Labels may perturb the system under scrutiny. [22, 79, 112] Atomic force microscopy Reveals the topography and electrical properties of membrane proteins, as well as supramolecular arrangement and the lateral organization of the proteins.
Provides high-resolution imaging of membrane surfaces, information on the viscoelasticity of the surface and on the formation of lateral lipid domains in the membrane.
Membranes need to be immobilized on a flat supporting surface. Identification of a suitable tip requires patience and experience. [195] [196] [197] NMI, not much information obtained.
Penetration Depth of Proteins
The depth of penetration of a protein into a membrane is a matter of controversy. When exploring this issue experimentally, generally accepted observations are i) protein proximity to probes solubilised within the membrane or chemically linked to fatty acids [22, 77] , ii) solid-state NMR which gives direct and often detailed insight into the chemical environment of the lipid molecules of the membrane [85, 159] , and iii) DSC profiles of lipids [84] . In the latter case, the ability of the bound protein to alter the transition temperature is linked to penetration depth beyond the headgroup and glycerol region of the membrane. Also, references to vesicle leakage or access to proteases encapsulated within vesicles are indicative of the protein ability to penetrate deeply into the bilayer, disrupting the permeability barrier, and even of protein translocation across the membrane [12, 178] .
Lipid bilayers, the basic structural element of biological membranes, are commonly considered as a two-dimensional liquid providing a variety of environments which can affect protein structure and dynamics via both specific and nonspecific interactions. These interactions are controlled not only by the general physicochemical characteristics of the membrane, such as phase state, bilayer curvature and elasticity, and surface charge density, but also by the chemical nature of membrane lipids, namely the extent of acyl chain unsaturation, and the conformation and dynamics of the lipid headgroups and acyl chains [14] [15] [16] . Together with the hydrophobic matching, these factors will influence the conformational properties of the membrane bound protein as well as its location within the membrane, orientation relative to the membrane plane, and oligomerization state. Regarding the orientation, non-uniform charge distribution and dipole moments of polypeptide chains are believed to account for specific orientation of proteins and peptides bound to charged membranes [179] . This effect might be of particular importance in protein complex assembly, and in pore and fiber formation [180] . How deep a protein can insert into a lipid bilayer, and therefore its location relative to the membrane surface, depends on the physical state of the host membrane, the ability of the lipid mixture to adopt nonbilayer structures and the degree of exposure of hydrophobic patches at the amphitrophic protein surface. In general, the depth of penetration appear to be modulated by i) the fluidity of the membrane; ii) the flexibility of the protein in the MB state; and iii) the opportunity to form a network of hydrogen bonds between the lipid headgroups or glycerol moieties and the protein (Fig. 4) . Thus, a fluid membrane and exposure of a significant hydrophobic surface area of the protein to the solvent is related to a deeper insertion of the protein into the lipid bilayer, as proven for -Sar (see paragraph 4.2. above and [50] ). The conformational properties of the membranebound protein and the lipid/protein molar ratio at the lipid vesicle surface might also induce intermolecular interactions (fibril formation) at the vesicle surface (as in the case ofSyn, see 4.4 above) or multisubunit transbilayer protein assembly and folding [58, 127, 180, 181 ].
Biomedical Aspects of Protein-Membrane Interaction
The degree of penetration and intercalation of the protein in the membrane also appears relevant to the observation that several of these amphitrophic proteins promote destabilization, fusion and permeability changes in the bilayers [20, 84, 91, 95, 127] . These effects on the membrane could be related to the physiological function of the proteins, e.g. passage of the protein across the membranes in the case of -Sar [182, 183] or the upkeep and protection of nerve-terminal processes in case of -Syn [52, 129] . Moreover, the changes in the permeability of the membrane upon binding observed in in vitro experiments might be related to apoptosis, necrosis and other cell death-associated phenomena that amphitrophic proteins (e.g. Cyt c, -Sar and the variant of -La HAMLET) have been related to [12, 83, 183] , though the apoptosis mechanism often has been explained by processes and interactions occurring after the proteins enter the cell [57, 184] . Interestingly, the ability of HAMLET to induce apoptosis is much higher in tumor cells, and this protein conformer has been through clinical trials for the treatment of skin papillomas and bladder cancer [166, 167] . Moreover, it causes prolonged survival of rats with human brain glioblastoma grafts [165] . It has been speculated that the reason why tumor cells are more prone to HAMLET-induced apoptosis is an altered composition of their membrane compared to healthy cells [12, 168] . The content of negatively charged groups on the membrane surface of cancer cells has been reported to be higher [185, 186] , while those of sphingomyelin and arachidonic acid are found to be higher and lower, respectively [187] . Such differences could form the basis of increased protein affinity, deeper membrane penetration and possible permeabilization and translocation across the membrane of cancer cells. Interestingly, it has been shown that permeabilization by CL oxidation of the outer-and inner membrane of the mitochondria is necessary for the release of Cyt c into the cytosol where it mediates cell death through apoptosis [49, 188, 189] .
CONCLUSION
In this review, we have focused on the intrinsic ability of amphitrophic proteins to interact with membranes. Cases from the literature have been interpreted considering the PT paradigm, the relevance of low folding barrier heights and the ability of the proteins to adopt non-native conformational states like the MG. It might be said that the PT, low folding barriers and stable MG states are different rationales that explain how a protein can gain access to an ensemble (or continuum) of non-native conformations that are competent membrane binders. Together they form a way of understanding a range of discrepant behaviours that have been reported in the literature related to differences in protein penetration depth, degree of folding or unfolding of the MB protein and differences in partition coefficients for the same protein. The reversible binding of proteins to membranes represents a situation where the folding state and thermodynamic properties of a protein is influenced by the packing and thermodynamic properties of the membrane, and vice versa. Whether this rather intricate situation is coupled to function must be considered individually while keeping in mind that proteins will have a tendency to interact with interfaces regardless of selective history. 
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